Rationale The discriminative stimulus properties of clozapine (CLZ) have been studied for decades because it remains the prototype for atypical antipsychotic drug effects and yet is unique in many ways, including increased efficacy in treatment-resistant schizophrenia and in reducing suicidality. Recent studies have indicated that the active CLZ metabolite Ndesmethylclozapine (NDMC) may play a role in mediating the cognitive efficacy of CLZ and may also have atypical antipsychotic properties. Objectives The present study sought to determine if NDMC has discriminative stimulus properties similar to that of its parent drug CLZ. Materials and methods Rats were trained to discriminate 1.25 mg/kg CLZ from vehicle in a two-choice drug discrimination task. Results Although NDMC (2.5-20.0 mg/kg) failed to substitute for CLZ, the combination of NDMC (5.0 and 10.0 mg/kg) with a low dose (0.3125 mg/kg) of CLZ produced full substitution (>80% CLZ-appropriate responding) for the 1.25 mg/ kg CLZ training dose. Co-administration of the M1-preferring receptor antagonist trihexyphenidyl (6.0 mg/kg) with a 5.0 mg/kg dose of NDMC produced partial substitution (>60% to <80% CLZ-appropriate responding) for CLZ, while administration of trihexyphenidyl alone (0.3-12.0 mg/kg) failed to substitute for CLZ. Conclusions These findings suggest that NDMC produces discriminative stimulus effects that are different from those elicited by its parent drug CLZ. This difference may be due to the agonist properties of NDMC at M 1 muscarinic cholinergic receptors.
Introduction
Clozapine (CLZ) is classified as an atypical antipsychotic drug based on a low incidence of extrapyramidal motor side effects, effectiveness for treating negative symptoms (as well as positive symptoms), and reduced cognitive deficits associated with schizophrenia (Young et al. 1997; Wahlbeck et al. 2008) . Furthermore, the clinical efficacy of CLZ is often considered to be superior to other atypical antipsychotic drugs in several regards, including (1) increased efficacy in treatment-resistant patients (Kane et al. 1988) , (2) reduced suicidality (Meltzer et al. 2003) , and (3) reduction of psychosis in Parkinson patients treated with L-dopa (without exacerbating motor symptoms; Scholz and Dichgans 1985; Meltzer et al. 1995) .
The major active metabolite of CLZ, N-desmethylclozapine (NDMC), also may have atypical antipsychotic properties as evidenced in both preclinical (Li et al. 2005; Lameh et al. 2007 ) and clinical studies (Tamminga et al. 2006) . For example, NDMC reverses hyperactivity induced by the NMDA receptor antagonist MK-801 and by the dopamine (DA) agonist amphetamine (see Lameh et al. 2007 ) and the first clinical trials in schizophrenic patients with NDMC demonstrated safety and tolerability and signs of antipsychotic activity (Tamminga et al. 2006) . Lameh et al. (2007) have shown that both CLZ and NDMC act as potent antagonists at serotonin (5-HT) 2A receptors with a weaker affinity for dopamine D 2 receptors. However, there appear to be important differences with regard to NDMC as compared to other atypical antipsychotic drugs. For example, NDMC is a partial agonist at DA D 2 receptors, and CLZ has been shown to antagonize NDMC-induced D 2 receptor activation (Burstein et al. 2005 ). An arguably more important difference in receptor pharmacology between CLZ and NDMC is that CLZ is usually reported to be an antagonist (Schotte et al. 1996) or a partial agonist (Michal et al. 1999; Olianas et al. 1999 ) at muscarinic receptors, while NDMC is a potent partial agonist at muscarinic receptors, with greater intrinsic efficacy at M 1 , M 2 , and M 4 receptors as compared to CLZ (Weiner et al. 2004) . Although CLZ exhibits a high affinity for muscarinic receptors in vitro, other studies have suggested that the in vivo affinity of CLZ for muscarinic receptors may be considerably weaker (Arnt and Skarsfeldt 1998; Bymaster and Falcone 2000) ; however, this is inconsistent with some of the preclinical effects of clozapine (e.g., Kelley and Porter 1997) .
This difference in intrinsic efficacy at muscarinic receptors between CLZ and NDMC may be relevant to the treatment efficacy of CLZ. It is well established that muscarinic antagonism can cause deficits in cognitive function (Riedel et al. 1995; Green et al. 2005; Plakke et al. 2008 ); yet, CLZ is attributed with an ability to improve cognitive function. Interestingly, recent reports indicate that larger ratios of NDMC/ CLZ in plasma predict greater improvements in cognitive function (Weiner et al. 2004 ). Thus, it may be the case that higher ratios of NDMC/CLZ help to overcome the muscarinic antagonist properties of CLZ and allow for improvement of cognitive deficits.
When studied in the drug discrimination procedure, a behavioral model used to assess receptor-mediated interoceptive effects, CLZ generally appears to produce interoceptive effects indicative of antagonism at muscarinic receptors. However, the ability of muscarinic receptor antagonists to produce CLZ-appropriate responding in this task depends on the training dose of CLZ and the species used. The nonselective muscarinic receptor antagonist atropine has produced partial substitution, and the nonselective muscarinic receptor antagonist scopolamine has produced full substitution to 5.76 and 5.0 mg/kg CLZ (i.p.) discriminative stimuli in rats (Nielsen 1988; Kelley and Porter 1997; Goudie et al. 1998 ). In addition, scopolamine has produced full substitution for CLZ (98.5%) in rats trained to discriminate 5.0 mg/kg CLZ versus 1.0 mg/kg chlorpromazine versus vehicle (i.p.) in a three-choice drug discrimination task . However, atropine produced minimal substitution for 6.0 mg/kg CLZ (p.o.) in rats (Goas and Boston 1978) . In pigeons, atropine and scopolamine (i.m.) failed to substitute for 1.0 mg/kg CLZ (Hoenicke et al. 1992) , and in C57BL/6 mice, scopolamine (s.c.) failed to substitute for 2.5 mg/kg CLZ . In rats trained to discriminate 1.25 mg/kg CLZ versus 5.0 mg/kg CLZ versus CLZ vehicle in a three-choice drug discrimination task, partial stimulus generalization to scopolamine (60-75% CLZappropriate responding) occurred from the 5.0 mg/kg CLZ discriminative stimulus, while the remaining percentages of responding occurred primarily on the 1.25 mg/kg CLZappropriate lever (Prus et al. 2006) . No stimulus generalization occurred from either the 1.25 or the 5.0 mg/kg doses of CLZ to NDMC at doses up to 8.0 mg/kg in this study, although it should be noted that NDMC was not tested up to doses that produced rate suppressant effects (Prus et al. 2006) . The M 1 receptor-preferring antagonist trihexyphenidyl has been reported to substitute for both 5.0 and 1.25 mg/kg CLZ doses in two-choice drug discrimination tasks (Kelley and Porter 1997; Prus et al. 2004, respectively) , while the M 2 receptor antagonist BIBN 99 does not (5.0 mg/kg CLZ dose; Kelley and Porter 1997) .
While species, procedural, and training differences may account for the ability of antipsychotic drugs or selective ligands to substitute for CLZ (or not substitute in some situations), these findings also indicate that muscarinic receptor antagonists are capable of producing substitution to CLZ and that the anti-muscarinic properties of CLZ dramatically influence the interoceptive cue in some contexts. The present study sought to determine if the active CLZ metabolite and putative atypical antipsychotic drug NDMC had discriminative stimulus properties similar to that of its parent drug CLZ and also examined the role of M 1 antagonism in the discriminative stimulus properties of a low training dose (1.25 mg/kg) of CLZ and NDMC. A low training dose of CLZ was chosen because muscarinic receptor antagonism appears to be less important for the low-dose discriminative stimulus effects of CLZ as compared to a higher training dose of CLZ (e.g., 5.0 mg/kg) in rats (Porter, unpublished data) . Given the fact that NDMC is a partial agonist at muscarinic receptors rather than an antagonist, we felt that the 1.25 mg/kg training dose conferred a greater chance for NDMC to substitute for the CLZ cue. Finally, low training doses of CLZ produce generalization to more atypical antipsychotic drugs than do higher training doses (Porter et al. 2000; Prus et al. 2005) , thus making this a better model for screening putative atypical antipsychotic drugs.
Materials and methods

Subjects
Eight male Sprague-Dawley rats (Harlan Breeding Laboratories, Indianapolis, IN, USA; 300-350 g) were individually housed in constant room temperature conditions (22-24°C) under a 12-h light/dark cycle (0600-1800 hours). Rats were maintained at 85% of free-feeding weight through restricted food rations, but access to water was available ad libitum. The "Guide for the Care and Use of Laboratory Animals" (National Research Council 2003) was followed, and all procedures were approved by the Institutional Animal Care and Use Committee at Virginia Commonwealth University.
Apparatus
Standard two-lever (retractable) rat operant conditioning chambers contained in sound-attenuating cabinets equipped with fans for ventilation and masking noise (Model ENV-008-VP; MED Associates, St Albans, VT, USA) were used for all drug discrimination sessions. Reinforcers consisted of 45-mg food pellets (Dustless Precision Pellets, F0021, Bio-Serv, Frenchtown, NJ, USA). Drugs CLZ (gift from Novartis, Hanover, NJ, USA), was dissolved in deionized water with one to two drops of lactic acid. Both trihexyphenidyl (Sigma-Aldrich, St. Louis, MO, USA) and NDMC (Sigma-Aldrich) were dissolved in deionized water only. CLZ was administered 1 h prior to test sessions, and trihexyphenidyl and NDMC were administered 30 min prior to test sessions. Vehicle control injections were administered at the appropriate pretreatment times for each drug. All doses were injected intraperitoneally at a volume of 1 ml/kg. Injection routes, presession injection times, and doses for these drugs were based on previous studies from this laboratory.
Drug discrimination training
After lever press training, rats were trained in "errorless" sessions where only the condition-appropriate lever was present for five consecutive days, first with vehicle and then for 5 days with CLZ using the fixed ratio (FR) 30 reinforcement schedule (see Porter et al. 2000; Prus et al. 2005 for additional training details). These and all other sessions in the study were 15 min in length. After this, twolever training sessions were conducted in order to train the rats to discriminate 1.25 mg/kg clozapine from vehicle. During two-lever training sessions, emitting 30 consecutive responses on the condition-appropriate lever resulted in pellet delivery, while responses on the other lever reset the FR response counter on the condition-appropriate lever but had no other programmed consequences. The training criteria consisted of passing five of six consecutive sessions of (1) completing the first 30 consecutive responses on the condition-appropriate lever, (2) making 80% or greater of all responses on the condition-appropriate lever, and (3) maintaining a response rate of at least 30 responses per minute (RPM).
Drug testing
Before each test session, rats had to meet all three training criteria during the two training sessions that immediately proceeded the test day. A test session was similar to a training session, except that responding on both levers was reinforced according to the FR 30 reinforcement schedule (responses on either lever still reset the FR response requirement on the other lever). The drugs were tested in the following order: CLZ (N = 8), NDMC (N = 8), 0.3125 mg/kg CLZ NDMC (N=7), trihexyphenidyl (N=5), and 5.0 mg/kg NDMC trihexyphenidyl (N=4). Control tests (with a minimum of two training days before each test) with the 1.25 mg/kg CLZ training dose and vehicle were conducted prior to each drug in order to determine that the CLZ discrimination was still being maintained by the rats. Any rats that did not maintain good stimulus control (as determined by the control tests) were removed from the study. The doses for each drug were tested in ascending order from low to high until either full substitution for CLZ was evident (see "Data analysis" below) or there was a significant decrease in response rate.
Data analysis
he lever on which the first FR 30 was completed, percent lever responding for each drug condition, and the RPM were recorded for every training and test session. Percent condition-appropriate responding and RPM were reported as means [±the standard error of the mean (SEM)] in doseeffect curves. Full substitution was defined as 80% or greater condition-appropriate responding, and partial substitution was defined as greater than or equal to 60% and less than 80% condition-appropriate responding . For drugs that produced full substitution for 1.25 mg/kg CLZ, ED 50 values with 95% confidence intervals (CI) were obtained for dose-response curves using a least squares linear regression analysis. If an animal's response rate fell below five RPM, its percent lever responding data were excluded from the dose-response curve and the ED 50 calculations. A one-factor repeated measures analysis of variance (ANOVA) was conducted to assess rate suppressant effects, and for significant F values, Newman-Keuls multiple comparison tests were conducted to identify rate-suppressant doses relative to vehicle (GB Stat software, Version 10.0, 2004; Dynamic Microsystems, Silver Spring, MD, USA).
Results
Clozapine
The 1.25 mg/kg training dose of CLZ fully generalized to both 1.25 and 5.0 mg/kg CLZ (ED 50 =0.43 mg/kg, 95% CI=0.27-0.68 mg/kg) producing nearly 100% drug-lever responding at both doses (Fig. 1) . A small, but statistically significant decrease in RPM was found at the 5.0-mg/kg dose of CLZ as compared to vehicle, F 6,42 =5.02, p<0.001.
N-desmethylclozapine
NDMC (1.25-20.0 mg/kg) failed to substitute for CLZ up to a dose (20.0 mg/kg) that produced a significant reduction in response rates, F 6,24 =9.32, p<0.001 (Fig. 2) .
N-Desmethylclozapine+0.3125 mg/kg clozapine
In order to determine if NDMC could potentiate the discriminative stimulus effects of CLZ, the 0.3125-mg/kg dose of CLZ (which produced only 33% CLZ-appropriate responding when CLZ was tested for generalization) was combined with NDMC (2.5-10.0 mg/kg). Combinations of 5.0 and 10.0 mg/kg NDMC with 0.3125 mg/kg CLZ produced full substitution (ED 50 = 1.68 mg/kg, 95% CI=0.94-2.99 mg/kg) for the CLZ discriminative stimulus (Fig. 3) . The 10.0 mg/kg NDMC in combination with 0.3125 mg/kg CLZ produced a significant decrease in response rates, F 5,30 =4.42, p<0.01.
Trihexyphenidyl
Trihexyphenidyl (0.3-12.0 mg/kg) failed to substitute for the 1.25 mg/kg training dose of CLZ (Fig. 4) . The 12.0-mg/kg Fig. 1 The atypical antipsychotic drug clozapine (CLZ; 0.078 mg/kg-5.0 mg/kg, i.p.) was tested for substitution in rats trained to discriminate 1.25 mg/kg CLZ from vehicle (VEH) in a two-lever drug discrimination task. Mean percent drug lever responding (+SEM) (filled symbols) are shown on the left ordinate and the mean responses per minute (+SEM) (empty symbols) are shown on the right ordinate for the vehicle (VEH) and 1.25 mg/kg CLZ control points and for each dose of CLZ tested. Rats that failed to emit a response rate of at least five responses per minute were excluded from the mean percent drug lever calculation; otherwise, the number of subjects represented at each point is equal to N. For the response rate data, statistically significant differences compared to VEH are indicated by asterisks (*p<0.05, **p<0.01) dose of trihexyphenidyl produced a significant reduction in response rates (F 6,24 =3.52, p<0.05), which prevented the testing of higher doses of this compound.
Trihexyphenidyl+5.0 mg/kg N-desmethylclozapine
In order to determine if blockade of the muscarinic M 1 receptor agonist effects of NDMC could potentiate the amount of stimulus generalization from the CLZ discriminative stimulus, the 5.0 mg/kg dose of NDMC (which produced only 37.5% CLZ-appropriate responding when tested alone, see Fig. 2 ) was combined with trihexyphenidyl (1.0-12.0 mg/kg). The combination of 6.0 mg/kg trihexyphenidyl with 5.0 mg/kg NDMC produced partial substitution (72.1% CLZ-appropriate responding) for CLZ (Fig. 5) . A significant decrease in response rates was observed with the 6.0 mg/kg trihexyphenidyl plus 5.0 mg/kg NDMC and the 12.0 mg/kg trihexyphenidyl plus 5.0 mg/kg NDMC dose combinations, F 5, 20 =21.76, p<0.001. The 12.0 mg/kg trihexyphenidyl plus 5.0 mg/kg NDMC combination completely suppressed response rates; therefore, these data were not included in the dose-response curve for percent lever selection and no response rate data are shown in Fig 2. 
Discussion
The present study sought to determine if the active CLZ metabolite and putative atypical antipsychotic drug NDMC has discriminative stimulus properties similar to that of its parent drug CLZ. NDMC failed to produce CLZ-appropriate responding for the 1.25 mg/kg CLZ discriminative stimulus up to a dose (20.0 mg/kg) that produced rate-disruptive effects, indicating that NMDC itself does not mediate the interoceptive effects of CLZ. These findings are consistent with a previous study using rats trained to discriminate 1.25 mg/kg CLZ versus 5.0 mg/kg CLZ versus vehicle in a three-choice drug discrimination task (Prus et al. 2006) , although this earlier study did not test doses of NDMC above 8.0 mg/kg. The receptor pharmacology of CLZ and NDMC are generally similar, except at muscarinic receptors, where CLZ is an antagonist or weak partial agonist at muscarinic receptors, while NDMC is a potent partial agonist at muscarinic receptors (Weiner et al. 2004; Li et al. 2005; Lameh et al. 2007 ). Thus, differences in the actions of CLZ and NDMC at muscarinic receptor binding may have accounted for the inability of NDMC to substitute for 1.25 mg/kg CLZ in the present and previous (Prus et al. 2006 ) studies.
Indeed, the muscarinic M 1 -preferring receptor antagonist trihexyphenidyl failed to substitute for the 1.25-mg/kg training dose of CLZ in the present study. While higher training doses of CLZ appear to elicit discriminative stimulus effects through muscarinic receptor antagonism, the discriminative stimulus effects of the lower training dose used in the present study appears to be less dependent on muscarinic receptor antagonism. Full substitution for a higher CLZ training dose (5.0 mg/kg) in rats has been found with the muscarinic receptor antagonists scopolamine (Goudie et al. 1998; Kelley and Porter 1997) and trihexyphenidyl (Kelley and Porter 1997) , and partial substitution for a similar training dose of CLZ has been reported using atropine (Nielsen 1988) . However, trihexyphenidyl was found to produce full substitution for 1.25 mg/kg CLZ in a two-lever drug discrimination (Prus et al. 2004) , and in a three-choice drug discrimination study that trained rats to discriminate 1.25 mg/kg CLZ versus 5.0 mg/kg CLZ versus vehicle, scopolamine produced partial substitution for the 5.0 mg/kg CLZ training dose, while the remaining percentage of responses occurred mainly on the 1.25 mg/kg CLZ-appropriate lever (Prus et al. Fig. 1 for further  details 2006 ). Thus, while stimulus properties mediated by muscarinic receptor antagonism appear to be more prominent in the 5.0 mg/kg CLZ discriminative stimulus, they may be present to a lesser degree in the 1.25 mg/kg CLZ discriminative stimulus.
Combined administration of trihexyphenidyl with NDMC in the present study resulted in partial substitution for CLZ (72.1% CLZ-appropriate responding), suggesting that the muscarinic receptor partial agonist effects of NDMC may have been attenuated (at least partially) by the muscarinic receptor antagonist effects of trihexyphenidyl. Thus, any CLZ-like stimulus effects produced by NDMC may be due to actions at non-muscarinic receptors. This may explain the full substitution for CLZ found when NDMC was combined with a low dose of CLZ (0.3125 mg/kg). However, the role of other receptor mechanisms involved in NDMC fully substituting for CLZ, in combination with a low dose of CLZ, may be difficult to determine since no selective receptor ligands, with the exception of trihexyphenidyl (Prus et al. 2004) , have been shown to produce full substitution for the 1.25 mg/kg CLZ training dose in rats (Porter et al. 2000; Prus et al. 2004; Prus et al. 2006) . Interestingly, combined administration of a 5-HT 2A receptor antagonist with the D 2 -receptor preferring antagonist and typical antipsychotic drug haloperidol has been shown to produce full substitution for a 1.25-mg/kg CLZ training dose, although this effect occurred at only one-dose combination (Prus et al. 2004) . It is clear that CLZ's discriminative cue is complex and represents a compound cue mediated by actions at two or more receptors (see Goudie et al. 1998; Goudie and Smith 1999; Porter et al. 2000) .
An important consideration when comparing the effects of NDMC and CLZ is the route of injection. In the present study, rats were trained to discriminate intraperitoneally administered CLZ, which subjects the drug to first pass metabolism. While NDMC does not appear to mediate the interoceptive effects of CLZ (as NDMC failed to substitute for CLZ), it is possible that NDMC contributed to the interoceptive cue properties of CLZ when using the intraperitoneal injection route. Considering that drug injections occur sometime before the test session, metabolism of CLZ would certainly allow time for NDMC to enter the central nervous system and become behaviorally active.
The current study provided experimental evidence that CLZ and NDMC exhibit differences in interoceptive effects that are likely due, at least in part, to their different actions at muscarinic receptors; however, the combination of NDMC with a low, non-substituting dose of CLZ was sufficient to engender CLZ-appropriate responding. The combination of these two compounds also may be important with regard to clinical effects, based on a study by Weiner et al. (2004) , which found that greater NDMC/CLZ ratios in serum predicted improvements in cognitive functioning and quality of life in CLZ-treated patients with schizophrenia. It has been further suggested by Davies et al. (2005) that the M 1 receptor partial agonist effects of NDMC may mediate the unique clinical efficacy of clozapine, possibly through overcoming blockade of muscarinic receptors produced by CLZ. Despite these differences, the full substitution for CLZ found when NDMC was combined with a low dose of CLZ, indicates that certain interoceptive effects of NDMC are similar to those produced by CLZ. Thus, NDMC, like its parent drug CLZ (Goudie et al. 1998; Goudie and Smith 1999; Porter et al. 2000) , may have a compound discriminative cue. The potential antipsychotic efficacy of NDMC has led to testing of NDMC for possible clinical use in the USA, under the name ACP-104. In the only released study to date, ACP-104 was reported to produce improvements on the total score and positive symptom subscale on the Positive and Negative Syndrome Scale in a preliminary tolerability and efficacy study in schizophrenic patients (Tamminga et al. 2006 ).
The present study represents the first co-administration of CLZ and its active metabolite NDMC in the context of a drug discrimination task and helps to lay the foundation for a more thorough understanding of the discriminative stimulus properties of antipsychotic drugs and their active metabolites. For example, if animals can be trained to discriminate NDMC from vehicle, then cross-substitution studies could provide important information comparing the discriminative stimulus properties of CLZ and NDMC. Such future studies would be useful for identifying the receptor mechanisms that may account for the similarities and differences between the behavioral effects of CLZ and NDMC.
